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Table 1
Typical Chemical Composition of BASF Ammonia Synthesis
Cytalyst

BASF catalyst S6~10 S6 ~ 10red
Fe, wt—9% - 80
FeO, wt—% 30~ 31 12~ 13
Fe,0,, wt—% 63~ 64 -
A;,0,;, WE—% 2.5 3.3
Cao, wt—9% 2.0 2.5
K,0, wt—% 0.8 1.0
510,, wt—% 0.25 0.3
Mg0o, wt —% 0.25 0.3
Cl, wt—% < 0.001 < 0.001
S, wt—% < 0.001 < 0.001
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Fig. 1: Ammonia Catalyst Manufacture
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Fig. 2: Dependence of the Ammonia Yield on the Degree of
Oxidation of the Iron in the Unreduced Catalyst
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Fig. 3: The Influence of Particle Size on Ammonia Production for

BASF Catalyst S 6-10/S 6-10 red

ammonia synthesis
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BEE fedtn et oA WHETRY HEY BERSBERY IHN2 EHk
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Norsk Hydro Ammonia Synthesis Catalyst

Table H

Chemical composition AS-4 AS-4-F
Fe O, and FeO, wt-% 91-93 11-12
Fe, wt-% 0.5-1.5 77-79
A0, wt-% 2.8-3.0 3.6-3.8
CaO, wt-% . 2.2-2.4 2.8-3.1
MgO, wt-% 0.3-0.5 0.4-0.6
K0, wt-% 0.4-0.6 0.5-0.8
Si0,, wt-% 0.3-0.5 0.4-0.6
Other oxides, wt-% 0.8-0.9 1.0-1.2
S, wi-% <0.015 <0.015
C, ppm <10 <10
Physical properties
Particle shape irregular
Particle sizes, mm 1.5-3, 3-6, 6-10,8-12, 12-21
other sizes available on request

AS-4 AS-4-F
Bulk density, kg/l 2.8 2.2
(loaded in converter)
Surface area, m¥/g 12 12
(reduced catalyst)
Attrition loss, % 25 4.0

(method: ASTM D-4058)

Norsk Hydrojitel lii$Hhe LEMLR RESL Jow BE HHYPES A

A% aftRel FEUolTH RED WHAES 10 %olgo] Norsk Hydro jtel

YEY oM REHEE AHE3taL T

o

o] =2 172 Ammonia Casaleijite] FStiHHE
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Table il
Ammonia Synthesis Data from a 1,660-t/d plant using
Topsee’s ammonia synthesis catalyst

Catalyst: 9.5 m? of KMIR 3-6 mm and 24.3 m*® of KMIR 1.5-3 mm
Converter: Topsee radial flow (S-100)
Inert free loop, syngas by partial oxidation and nitrogen wash

Catalyst age, years 12 5 71/3
Plant rate, % 103 75 107
Converter inlet gas flow, Nm*h 910,000 803,700 960,300
Operating pressure, kg/cm?g 209 187 215

Converter feed gas composition, mole %

H, 72.8 69.9 70.5
N, 24,2 24.9 25.4
NH, 2.4 4.7 37
Ar + He 0.6 0.5 0.4
CH, <0.01 <0.01 <0.01
Ammonia outlet, mole % 14.3 125 15.6
Oxygen in makeup gas, ppm <5 85 8
Converter temperature inlet, °C 230 230 229
Converter temperature outlet, °C 412 392 413

Comments

When the catalyst was approximately 55 months old, it experienced severe oxygen
poisoning for a period of 6 months. The oxygen concentration in the makeup gas
peaked at about 100 ppm.

This resulted in a decrease in the catalyst activity and thereby a decrease in the
production rate. After the oxygen concentration was lowered, the catalyst regained its
activity and production rate again increased to above design level.

After 92 months of operation, the plant rate was increased to 111% (1,850 vd) even
though the oxygen level was 8 ppm in the makeup gas.
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AHgstlon o BaVIAE gEid #ige]l FFHS A7 fidtd AR PHes
BRI theoz B 74-1 3 AR EoE HHI EHEENES FFstn Hre
#r4 2 £%Y 9IS S} RBpe AA8AT

o) A2 REEREC) ZTEY EEBEES B4TAN AgEae A4 HHE
oo &Ryl EEAAM BrEte SRS IUTh FHF 9P i BsA
= B 7412 Y giet fAE Ade] dvke A& ¢uth

BEEREe #2dAde THT2Y AKE KEZKANA Y& E7tart 28 RE
o] TR Eoirb Ao HESE B e SEARAKESES S
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2o wgor 4% sEA FoBA MRKESES] kol HEV T TH e
ZEE A

o] @AM AAE HEpe] LEHEE THI HHTIIA BHE] 5@ HEIKES =
Absta £TBol EFRZFSE @gel I EmHKel BES FYst] WEIFHY &
B FEFMY E@ol AEL2T el HES B AL AEle AN
o} (Fig.4) .

Fig. 4: Relative Activities of 74-1 and Conventional Catalyst as a
Function of Time On Line. (Sidestream Measurements,
Full-size Catalyst).
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BE74-1& BE RS IH § Jhidtie] savinael e CILgte] 1,120t/d
#Ee AMVIRUSL T %Ee] Severnsideo) gl ICIfte] AMVYRYolT
FolM IEMe= QAN HIF B 74-10] EREEACZ S| pEdE A
olzl EXztx HhEENF BWES fHHoE Ho Je RE FE ITHd FESMA
4FHoz A4=EA

GILjtel TS EhEo WRERS ARRKEZERRY FHoZ dAFYE

po)

S Z3sAY. GILjte] TiEol FWEI el |/re AAY BEE 83t A
A TN BdHoz A3 ARt ¥ @ENdAM dolntt o] e =2
Bt 3 BeES 7IAn Jd&o) vERh

ARES BORTE &9 2454 433 S7HEA o] BORETE A5l
w2 F7HE of ¥ FEAAM #EML HA clRe Hge] K@l Jhavt &
23t AN R A BEEA FAE dodlel A3 SER] AAE = EHA
goe RS ¢dth o] BAle FtARAPERA S LA dlel gle AL &
ke

o] fgEEdA AMEHUA 22 mEe BHE BRMESH AU R AME
¥ BRE BRET lAIREERRS AN 23 Y AFES ARG A
< YETh

o

Bl B4 wEBAl AT Fle BT F2 & o FASn 4 BEE
o] kel Ml#EF (Hold-down grid) & AAgozA LAHUTY A Fvie]
#e FF3M olPHAoH RFFLEAEN NF 12 %014 JtEEE 1270dF¢
7HEd 3o ol e EEELe FFE UEhA wsten BEOBRT REs
LEH DL FFEET 333 @A deElRh

ICIe] LCATH YolA 4AAQ KRS AAH FE AM8aie™ 400C
o] el M uehd #fE7E 380°ColN #AEZHIACH MR BT HEE A& F
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w2 BECdA drRYotaRel AREEH Tl KR AXNESE ©A 7Hedd
el ADEEZY 300 Col ol2d gRuYolgAdel T AFHE KE#C] #E5H
AT

o Zaklady Azotowe Tarnow

E@E=9| zaklady Azotowe Tarow(ZAT) it 3035t YRYSLARBKES
Al zste] gtk ZATRbE Szczecingostzl Pulawy ERHAZH7F #FC2 B
#F PS3ty 3te FMBME 1984 gl Al x37] AFSHAT.

°of Ml RH/ERS AN EXRMMES FAE Roloh B+ 2wEs €
oln REE HHst oA MR o) mEd Holth ITHM HBE T 7
e B8 BB amiEd 9 RBe AT 23 PSIBE O E BFte

Fig. 5: Activity of Catalyst PS3 as a Function of Time
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el st WECl A B8 Zloldvh RS A= PS3 @S] ¥E
e FER FEERmEEN K3t z2A FYE Roldoh Fig.b& PS3 B
o] TEMART EHH] HstE Yehd Aot

PS3BiE FEBTAoZ AN o/EA] KE (1.5~ 3.0molA 30 ~40mm )
o BEE T T Uth o e oA FAe] ARE ALY & eoH
w20 w2} 5~1049 BEHS /K Aok

ZATitE PS2te M= A =3ted o Mfs dEUYotak#Ee Ao FxiEs
o PSIfBRTH Wl $dE F Uxn EEITS EEe] o AT #el g &
TEHEC] oIt

o RHE REBRKE

A FRULHRA BEm] RBEYEA FH w (Ru) RESHE Hested 3
A 10 4E/e] B BHH BES 2WEt BPite SATREREA FH F
ARG EFEZ FAE A7 dRYol4 KM (Novel ammonia Catalyst) &
3] f18ted M.W. Kelloggjtel HE&EHWE 197948 o] e Az BR=E
FEE AREAT o BHES ST FEUITREY FIAERS Astd HEAME
FES Ao oS WAEREES AAF 104 AYE BE Rkl £TH 4%
o] #<l=glon Kelloggjte 1990 4 10 ¥ol FEBBHES ALEF SdRUITHS
FhsteE Ax= BR3P

Turin ¥} Parma KE2H o] olgd]o} (LBHET dRYARY 4LEHS WUFH
g Hoe =R FH wXEMEA o =S 3k ot

o M.W. Kellogg
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TRHEHES st et o] Sl /M F9d REe shvbe Kelloggitzt 1960
FERe N KA 9l dRYotTHolth o Fite YEYolIe] HE¥eo
ser dA #FEHY WFEY THSLS o #Himel g Aotk Kellogg k7t

&ECl BB A2a0 HRH FEYolIR (KAAP) & A7 FHEHwd <%

pat
rO
n)

AU SBERT 10 ~ 20 f£o] WEWEHS 7z dew drY ol
AoiA mahtel B 4TS 15T Aol

o W] MIrE SWHTHE (RoNO,) S Aol AFY IAVFELGA 3
FHF 127h2d (Ru, (CO),,) & H#ESIY #EHT Rojgtn 93] 71A=HA Utk
BAagds 428 1007/ 92 7129 He] FEHK (Basal Plane Surface area)

& 71w 71Edwel kmHel U3 ® EXER (BET Surface area)s] i

fr

5:10]8k7F £ov mAge] EEHK (Edge Surface area)d] thd 7|39
FEHLE 42T 5: 1327 o 34 AAE59 IR LAHS SATRE
20 BETAM T8 A$A Bo o A&4a4 FEHH FHELS RYTER
o F2 BHE7 o AS Uth o BEEE BUESBEEREY 0.1~ 453
7t afEolor gtk &l AAE dE Bd o] @ & 5wt%e FHlwH 10
wtgpe] FHEo] 4FEHE AL BEI}n v BHX} AKE E FEHIEE BA
at7] Aol o] g t BA7IA AkFIE2 mEE o e FAHeE A
B Hgl FEZE KFolv 1 BbREe 2 EHMk HEY i =2 wk
£ 732 Uk

HALH o 2 HEAEA 3 Kelloggijte] BMe Z2A AT #HEFH BHES
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Kellogg itfdlel #MEHE7E A =gl =HUA ZHolth
BP Lo} Kelloggjtel LfEsifiri 32 &M AXREZ 74d HARBERAE:
AN L] EEXE S stn FYY EBHEixc] @ BHS ST olHT BRe

Hir

< FES Bt olFolA Ftel AFREHES HMHBEd LEI BARES FES
228 71 A}

EEEARE ololA Houstond] 3t/dw=me] drRYLE AAste R LEl
A= e Kwinana Nitrogenijit®] 300t/d 2 GRUolTHo BERLAES
gloke] Kwinana(Perth) o] FESRUTh Kelloggjitet BPjt7F o=  REHd
TEIEHS GF GEULERTFES HIE ZEFIAT o IH HHS =
(Litre) @92 A Ao BFEE AMEste] EEEI TREM4N A4 HKBRS
e Aolnz e TH TAHol sk EREMRREC F4e UE B
el e MARES men AR BECE AU o gEHAY wste o
IHEe FBIHS TPUT] HHBHRES ST Bl A83FE Asied
249 9 Fh

RETHANA HIEER i Zt M543 A H (Feedback) & widdte o 3714
A#de] MAHATL A7IA BIEA] TR WS = T0bare] EHoAe] #iE<
BA, 1:1004 1:370A19] g% AR H, 350~470CcH = HEHE R 0~
14 8% ¢RUot YirgFol HREHAAUT

1987 4 6¥¥E AEF HAeo HHS AL 127140 REwes Al Fso
19884E 7 A ©] 3ol 438z ETHF TS RBLES I HFHEH (Des-
ign tool) 22X BHEH =de] AHEAHS Ful REst] IR ¥3Ad RES @&
T AAE HEE U] A 64430 EEES AL

ZEREY MAe 9THIE BET HEe FANATS AN RBoE THE
S RBELT ARTFIE 2F AR KUt FEEHRMOIL FRES ] Eobok (70 ~
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Fig. 6: Kellogg’s KAAP Synthesis Loop
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KAAP & fBifie HLH 2 BRKEC] HEFXd dd BAEY EEEV Givd
o oot 2o BAERS Flae Mol o]l M Iz @ibaEko] wou E
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@iEel 2R JNBT. FHEGMERR Sus ATEA ge EHpEgld o
=uel & o 1009 BTIUY oux™zte] & Aolth, KAAPS| ARFIIF 4
3 E O RS WebsTael HxFastast gkFoE HHARTEY K& AL
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op

fr

Aolth,

KAAP &= &) 7}u}cle] British ColumbiaZe] Kitimate] gl Ocelot <
BEYolTPeld A=z Avh 9 REA2RS RES V18 d3He S
S @asld KAAPE #HRISEES HfTEHEsE 1992 40 52THW OcelotTHe] 4
ERENS 40%7HA 718 Aol

BP jiti= 1987 4z Kelloggijitel thadle] HHel FSAANEAN E&ste A
#

=
il

BARBE stdth ¥ Kelloggijite MM MR #ES

fr

_%_
Engelhard itolA] REEFAIslgom Engelhardjte o] S A Zstel fags

HaAh

o OJEetZ|ote] HE

YHLBIU LB Z2RE FEE B PUAY (BN ot BEHES o
Buied 8 59 @og YE 4L £EoR A BEHY SHEGE EHk
o] o Y& ZHelth

2 4 B2 28 (Bimetallic Clustrers) & 1E5¢] EHMoz ZAE £B°
ROBERE 7M1 Q1 Kol 44 Ht=s 0EHS B #xs 22 Bol2
o] 27t= (Anionic ligands) 7t glolM MMel E#HS W3 FE LAl &
ob 317l W&ol 53 H#4H (Supported metal) o2 THE el WMAHA %
Ea4'E (Precursors) o} gt}

I gEYelgke] AEHS %K¥ET oz ool Giovanni Predi-
eri #gsl 19 WHEMES k4B (Homometallic) o] FHE 7RI AY
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(Ruy(CO),,) ol vk ik 2 MM (Heterobimetallic) sl 3k#f#z ¥ T+
ARG {44 ((CoH,)NIRU,H, (CO),) 3 2o FHF2d2HE Balsk] A2 24
B ZEEVAVHLTOYG T Fo FREGK DT BEBE Ba FREES
Sk sioh WFMBERE (TEN) 2 B33 of £WHTS Fgasls o 5molgl
v Yd-SHEEdaEY A0 ol 2EeE HakE JUX 2 X-ray
slelaz el 98l BAENT. S8 BES 2 AELBHRE L HSES
ol 2o FEHS o FeloREn] MmOl te grEUotamel Bk fEH: o
F 400 WEAAN olFoMTh Ju TelE(5%)° Mg £l =uE
(0.1%) 4 & T2 (0.05%) & F71sha AEe EAAM 2472 50%sh 75
%A AEIAT,

Predieri g st 29 WHMES HMHKIN A¥rtael 5E8EH MmmE
stof wuubg NiRu2MEBENE Wascd RE2HSBIH 2 (CH,)
NiRu,H,(CO), & A& UmVolaRMMs ABHEEA FHELANES A
g3 3RH AAE AL 0L o HEYH FRUARA VAL FTE A
el FHUEQ (C,H,)NIOSH,(CO), 3 Ru,y(CO)y, 2 WE MM HBstel B

A5y vlo|aBREHEC] FiE BES AR SAAA FAH o= SHT o
< A% XS 3:19 HEE BAY /I2E BASAY GRULMARE I5F
J REL£ERS BEES FR7art 538z APHU N REHES Mbi7ts
' 9y % ¥& mEHuE ToNzY BF @mERd RikE Ryl &L
dryolel FRER L Fe HEE FANVEBREKOE deEZgddd AA%E AHE
sto] sgaEstd WEStATh el gmuYolel AgEte AMSE Bge]l grE E
I ORRE AER 9RYOE mafE FEsioh

Table V& £4® ¢Eyole] 44bgs vehd et o] diolBl= NiRu 24&
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SBEETL o] Bl S ~EREEET dRYolaRA o HREM B AE
Yeta ot AE&BIFHAHE FEH =8 Ble Bk M AT N
gaol EAsE KkFrAE A mkToR FERUtae] BE&Hhl #RIM2TL
Al E7tn gEYokaRel MHE T ok EE F @R FHe@fe

Table IV
Ammonia Production Rates* for Catalysts Derived from
Supported Metal Clusters

Catalystprecursor =~ Temperature (°C) Productivity®
(NiOs,) 360 0.35
400 0.69
450 1.71
(NiRu,) 375 3.13
400 4.56
450 2.26
(Ru,) 350 6.93
400 7.14
450 2.59

*Feed: 100 mUmin of an N,-H, (3:1) mixture at standard temperature and pressure. Each’
catalyst contained 2 wt-% metal.
*Productivity expressed in mg of NH,/g of catalyst/hour.

450 ol M iEBhtke] ETFE el o] BWEolstelM KEHS FigHko] ol Folxive
AL Jdeiz o

BRITES A Ni-Rugie AAA0 e F3 (TEM) o o3 AME stglevl
oLz £4F4] EDAX PV9,9009] X-ray ¥3%7]& AX)§ Philipjte] CM30 d w7 A
o2 Ye (Bright field image) o] 71 EHUth o] @ffts thFE oY =
S 20EE 2YY SFu S#EH FYFP LBNTFE TAHY Y= RS
gttt EDX447e] A olg &BRTI S#E 284 B ##S Ru-Ni Fyi



7} AAM o2 #H (Starting materil) s 27 slo} Ugo] YEhgth o5 K
o 371 Aol 3~6me) WAREY Mol MY 2MLBHT =79} Wk
e A0ATh BES WHRE ARBKS HHHEE o7 A U LBS i

%&
&
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